Ultraviolet (UV) irradiation is a common disinfection option for water treatment in the developed world. There are a few systems installed in developing countries for point-of-use treatment, but the low-pressure mercury lamps currently used as the UV irradiation source have a number of sustainability issues including a fragile envelope, a lifetime of approximately one year, and they contain mercury. UV light emitting diodes (LEDs) may offer solutions to many of the sustainability issues presented by current UV systems. LEDs are small, efficient, have long lifetimes, and do not contain mercury. Germicidal UV LEDs emitting at 265 nm were evaluated for inactivation of E. coli in water and compared to conventional low-pressure UV lamps. Both systems provided an equivalent level of treatment. A UV-LED prototype was developed and evaluated as a proof-ofconcept of this technology for a point-of-use disinfection option, and the economics of UV-LEDs were evaluated.
chemical disinfection, for many applications, but there are sustainability issues that arise from current low-pressure (LP) lamp systems in use. They use toxic mercury to generate UV radiation and are rated to last for 8,000 -10,000 hours, at which time communities are faced with a number of issues: finding and paying for replacement lamps, transporting these fragile glass and filament tubes, and disposing of mercury contained in the used lamp in areas that do not typically have a toxic waste disposal system (US EPA 2006).
UV light-emitting diodes (LEDs) may provide solutions to many of the sustainability issues of UV mercury lamps.
They are small (5-9 mm diameter), and do not contain glass, filament or mercury, aiding their transport and disposal (Bettles et al. 2007) . Warm-up time is not required for LEDs, saving energy and allowing for intermittent use and quick recovery from a power failure-important characteristics for rural applications especially. LEDs are replacing a number of light sources currently utilized today including traffic lights and household lights. LEDs have an excellent track record for lowering system costs through energy savings, lower maintenance, and longer replacement intervals. The average electrical-to-germicidal efficiency of low-pressure UV mercury tube lamps is 35 -38% (US EPA 2006). Visible LEDs can operate at 75% efficiency for more than ten years (100,000 hours) (Bettles et al. 2007) .
Currently, the efficiencies of UV-LEDs are less than 1% with lifetimes of around 1,000 hours (Bettles et al. 2007; Gaska 2007) . Although research of this technology is still in its infancy, improvements to UV-LEDs are expected to occur rapidly following visible LED source trajectories, resulting in a high efficiency, low input power product.
The availability of specific output wavelengths using UV-LEDs may also increase their inactivation efficacy.
UV-LEDs currently operate in the wavelength range of 247-365 nm (Gaska 2007) . Effective UV sources should emit high intensities in the peak absorbance wavelengths of DNA-the germicidal target of UV photons. However, germicidal effectiveness as a function of wavelength can vary for different microorganisms and may differ from the DNA absorbance spectrum. Supplementing peak DNA wavelengths with other UV emissions may provide a synergistic disinfection effect, increasing the effectiveness of UV inactivation of pathogens (Mamane-Gravetz et al. 2005; US EPA 2006; Linden et al. 2007) . Low-pressure lamps are monochromatic (254 nm) and some pathogens, such as adenovirus, are not most effectively inactivated at this wavelength. Medium pressure lamps are polychromatic, but peak intensities occur at set wavelengths based on the emission properties of mercury. A distinct advantage over conventional UV sources is that UV-LED systems can incorporate an LED array of differing UV wavelengths, maximizing their combined germicidal effect. This would allow units to be custom designed based on the specific pathogens of concern in source waters, or for a broad range of pathogens under a single system. Limited research has been conducted on the effectiveness of UV-LEDs for water disinfection. Most of the data available are for LEDs that emit light in the UVA range (320 -400 nm), which is less efficient at disinfection than light in the germicidal range of UVC (200 -280 nm) since wavelengths greater than 300 nm are poorly absorbed by DNA (Sinha & Hä der 2002; ISO 21348 2007) . UVA radiation inactivates microorganisms by damaging proteins and producing hydroxyl and oxygen radicals that can destroy cell membranes and other cellular components (Sinha & Hä der 2002) . This process takes more time than the damage produced by UV-C, which directly effects the DNA of microorganisms by producing thymine dimers, among other products, inactivating them without intermediate steps (Grossweiner & Smith 1989) . Hamamoto et al. (2007) demonstrated the ability of UVA-LEDs at 365 nm to inactivate bacteria in water. They found that E. coli DH5a were reduced by . 5 log at a dose of 315 J/cm 2 , approximately 30,000 times higher than the dose required for UV 254 nm. Sandia National Laboratories documented inactivation of E. coli with LEDs in the UVC range at 270 nm (Crawford et al. 2005) , and found comparable inactivation to LP UV. Sensor Electronics Technologies (SET) has also demonstrated inactivation of E. coli B using 265-310 nm UV-LEDs (Gaska 2007) , reporting wavelength dependent inactivation with inactivation decreasing by more than 6 orders of magnitude from 265 nm to 310 nm.
Research objectives
The goal of this research was to evaluate the efficacy of 
METHODS

Microbial methods
Escherichia coli K12 (ATCC #29425) was used as an indicator organism to compare the efficiency of the LP and UV-LED systems, and to evaluate the UV-LED prototype.
One colony (to assure genetic homogeneity) was obtained from a tryptic soy agar (TSA, Difco #236950) plate after 24
hours of incubation at 378C and added to 10 mL of sterile tryptic soy broth (TSB, Cellgro #61-412-RO) in a sterile 15 mL vial. The vial was rapidly vortexed to break up the colony and then the 10 mL solution was added to 90 mL of TSB in a sterile 250 mL glass bottle with a sterile magnetic stir bar. The stock solution was incubated for 24 hours at 378C on a stir-plate to assure constant mixing and oxygen levels throughout the stock. This solution was kept at 48C for less than 2 weeks to inoculate future stock solutions. Purity was verified by streak plating and visual observation on TSA.
A growth curve was developed based on the optical density at 600 nm (OD600), measured every 30 minutes, and cultured colonies to identify the log growth phase. Tests were conducted at log growth phase. The E. coli were washed three times in phosphate buffer solution (PBS) by centrifuging and added to 194 mL of PBS to achieve a concentration of approximately 10 6 CFU E. coli per mL for batch irradiation testing. The ultraviolet absorbance was adjusted for flow-through tests by varying the E. coli preparation steps (washing).
After irradiation, each sample was successively vortexed and serially diluted. E. coli concentrations were measured using the spot plating method (Gaudy et al. 1963) , which is advantageous because four dilutions of five replicates each can be read on one 100 mm diameter plate, which would otherwise require twenty 60 mm diameter plates using the vacuum filtration method. Once the spots had completely dried, the plates were placed upside down in a 378C
incubator and incubated for 24 hours before colonies were counted. Spots with 3 to 30 colonies were recorded (CFU/0.01 mL). If two dilutions had results that fell into this range, the lower dilution (more colonies in each spot) was chosen.
Experimental set-up
Low-pressure UV lamps were housed in a UV collimated beam apparatus (Bolton & Linden 2003) . A UV-LED batch irradiation system was designed with an array of three UVLEDs using a circuit wire-wrapped with 30 gauge wire, to an electronic Perfboard (a fiberglass board with holes every 2.5 mm). A 150-ohm resistor was wired in series with each LED to create 6 volts across each LED at 20 amps with a 9 volt input voltage from a power supply. These values were within manufacturer specifications for voltage and current.
Socket pins were wire-wrapped to the Perfboard to hold the LEDs in place for easy removal and replacement. A flowthrough prototype consisting of a compact row of ten UVLEDs was created using similar electronics to the batch system. The LEDs were placed over a 6.5 mm wide aluminum channel 1 mm above the water surface, with a water depth of 7 mm. The 265 nm hemispherical UV LEDs were purchased from Sensor Electronic Technology, Inc (SET) (Columbia, South Carolina).
Irradiance measurements
Irradiance for the LP and LED light sources was measured with a radiometer (International Light IL1400A, SEL 240/TD detector) calibrated at 254 nm. The manufacturer's detector response curve was used to adjust the radiometer reading to the 265 nm peak output wavelength of the LEDs.
The radiometer measurements were checked and corroborated using an iodide/iodate actinometer (Rahn et al. 2003) .
The absolute irradiance and spectral output of each LED was also evaluated using an Ocean Optics spectrometer (USB 2000 þ , Dunadin, FL).
UV irradiation
All tests were completed within two hours and irradiated samples were covered to minimize photoreactivation as much as possible.
To benchmark the efficiency of LP UV, the collimated beam apparatus was used to expose 40 mL portions of E.
coli spiked PBS at UV fluences ranging from 0 to 20 mJ/cm 2 in a sterile 50 mL glass crystallization dish stirred with a sterile magnetic stir bar. The UV-LED devices were evaluated by exposing 7 mL of E. coli spiked PBS in a 10 mL beaker (2.2 cm diameter) stirred with a sterile magnetic stir bar to UV doses between 0 and 20 mJ/cm 2 .
The UV-LED prototype was evaluated by flowing E. coli spiked PBS and E. coli spiked natural water (collected from a local pond) through the system. Initial E. coli concentration was tested by running the sample through the prototype with the LEDs turned off. Log reduction of E. coli was evaluated for multiple flow rates and multiple UV absorbance values. The system was disinfected between tests using a low concentration chlorine solution.
UV dose calculations
The average irradiance in the UV-exposed sample was calculated according to Bolton and Linden (Bolton & Linden 2003) . A petri factor of 0.98 and 1 were determined for the LP and LED systems, respectively, and a reflection factor for water of 0.975 was used. The water factor accounted for the UV absorbance of the water through the sample water depth at 254 and 266 nm for the LP and LED systems, respectively (measured with a spectrophotometer, HACH DR 5000).
Irradiation time was controlled by a manual shutter for LP tests and by turning on/off the LEDs. The LP lamps and LEDs were allowed to warm-up for 10 minutes before tests and the LEDs were turned off for a maximum of 10 seconds while tests were being set-up, which did not significantly affect the irradiance upon turning back on.
The E. coli colonies were averaged for the five spots and converted to CFU/mL by multiplying by the dilution factor.
The log reduction (log N 0 /N) was calculated for each dose based on the initial non-irradiated E. coli concentration, N 0 , (CFU/mL) and the concentration of E. coli post-irradiation, N (CFU/mL).
RESULTS AND DISCUSSION
Irradiance during warm-up time The full width at half maximum (FWHM), measured across the spectral output at 50% of the peak irradiance, was 11 nm 
Inactivation of E. coli
Low-pressure versus UV-LEDs
Log reduction of E. coli K12 appears to be slightly improved for the LED source at low doses and approximately the same at higher doses, based on twenty three and eighteen data points in duplicate for the LED and LP sources respectively, as illustrated in Figure 4 .
The relationship of log inactivation versus dose received was modeled using a logarithmic regression. Based on results of paired t-tests conducted over the log inactivation data at each dose (2, 5, 10, 15, and 20 mJ/cm 2 ) for lowpressure versus LED sources, it can not be concluded that the low-pressure and LED sources are statistically different for the inactivation of E. coli K12 at a 95% confidence, although there is a statistically significant difference at a 90% confidence level.
UV-LED flow-through prototype
The ten-LED prototype was evaluated using biodosimetry with E. coli K12. The linear trendlines for log reduction at In order to compare the prototype to commercial systems, the dose provided for a given flow rate in mL/min and influent water UVT are needed. The log reduction of E. coli for a given UV-LED dose was calculated based on the logarithmic regression model (log reduction ¼ 1.25 £ Ln(Dose) 2 0.3665) on the E. coli inactivation data presented in Figure 4 . For a UVT of 88%, a dose of 10 mJ/cm 2 can be achieved at a flow rate of 14 mL/min. For a UVT of Table 1 shows the much greater cost of UV-LEDs, both upfront and over time since the lifetime is much lower than the LP systems. However, SET and Crystal IS (Green Island, New York), manufacturers of UV-LEDs, estimate great improvements in the next three to four years. If the projected values manufacturers are aiming for are met, a UV-LED system could be a viable and improved option over current LP systems and fill a gap for low-flow, inexpensive systems in three to four years (Table 1 ).
Increasing power output will be necessary for systems to utilize a reasonable number of LEDs independent of lamp cost. Each LED requires wiring and other electrical components such as resistors and heat sinking material.
More LEDs also require a larger system and more materials that will cost more up front. Maintenance will also be more difficult with a larger number of LEDs since each device will need to be monitored to detect failures. This will be do not need to warm-up, they can be effectively run intermittently on demand, increasing the total lifetime ten to twenty fold assuming no decay due to frequent on-off switching. LP lamps can be run intermittently as well, but due to the required warm-up time, water is not available on demand without the need for storage, a known hygiene risk.
Because UV LEDs were shown to be as effective for bacterial inactivation as LP UV lamps, the most influential factor to improve the adoption of UV-LED disinfection is cost decrease. Based on manufacturer's three to four year projections, the cost will decrease over 1,000 fold to $0.1 per mW in 2013. The large decrease in three-year cost for a household system brings the total cost to $190 USD, which is similar to the three year cost for the Sterilight system lamps at $165 USD (Table 1) .
Combining projected improvements to power output, lifetime, and cost per mW, results in UV-LEDs being a feasible option and an improvement over LP systems around the year 2013 (Table 2) . If the projections can be met, it will be possible to develop a household system that will treat eighty liters per day at 40 mJ/cm 2 (if UVT of water greater than or equal to 75%) for $7 USD of upfront lamp cost, compared to $20 to $55 USD for lamps in the UV-Tube and Sterilight systems, respectively. The cost savings will increase yearly with slightly higher lifetime values of 10,000 hours for the LEDs, versus 9,000 hours for the LP lamps, resulting in lower yearly replacement costs.
The long-term cost savings can be increased further and the maintenance required to replace burned out lights can be decreased, by increasing the system flow rate and turning on the LEDs intermittently as water is needed without the need for storage where recontamination can easily occur (Table 3) . 
